The Nogo-66 receptor (NgR) plays a critical role in restricting axon regeneration in the central nervous system. This inhibitory action is in part mediated by a neuronal receptor complex containing p75NTR, a multifunctional receptor also well known to trigger cell death upon binding to neurotrophins such as NGF. In the present study, we show that Pep4 and NEP1-40, which are two peptides derived from the Nogo-66 sequence that modulate NgR-mediated neurite outgrowth inhibition, prevent NGF-stimulated p75NTR-dependent death of cultured embryonic motor neurons. They also confer protection on spinal cord motor neurons after neonatal sciatic nerve axotomy. These findings demonstrate an as-yetunknown function of NgR in maintaining neuronal survival that may be relevant for motor neuron development and degeneration.
T
he glycosylphosphatidylinositol (GPI)-anchored Nogo-66 receptor (NgR) binds various structurally unrelated proteins: Nogo-A, myelin-associated glycoprotein, and oligodendrocytemyelin glycoprotein. These myelin-derived proteins inhibit neurite outgrowth in vitro, and Nogo-A also prevents axonal regeneration in vivo after injury to the adult mammalian CNS (1) . NgR forms a ternary receptor complex with the leucine-rich repeat transmembrane protein LINGO-1 (2) and either the neurotrophin receptor p75NTR (3, 4) or the orphan TNF receptor family member TAJ/TROY (5, 6) . Downstream effectors of this receptor complex have not been completely elucidated but may include RhoA/Rho-kinase (7), PKC (8) , and transactivation of the EGF receptor (9) . Although the role of NgR in restricting the growth and repair of CNS axons has been clearly demonstrated (10) (11) (12) , knockout mice for NgR display only subtle regeneration of tracts upon spinal cord trauma (13, 14) , most probably because of compensatory mechanisms. p75NTR is a versatile protein known to potentiate the trophic actions of Trk receptor tyrosine kinases but also, under particular conditions, to trigger apoptosis upon binding to neurotrophins such as NGF and BDNF or their related precursors (15) . Embryonic motor neurons, which lack TrkA receptors, express p75NTR in vitro and undergo apoptosis when cocultured on reactive astrocytes secreting NGF or treated with exogenous NGF in the presence of low steady-state concentrations of NO (16, 17) . This apoptotic activity strictly depends on p75NTR, because cultured motor neurons from p75NTR knockout mice do not respond to NGF (17) . In vivo spinal motor neurons also express p75NTR during the embryonic period of naturally occurring cell death, but its expression gradually ends after birth. In contrast, adult motor neurons can reexpress p75NTR after axotomy (18) or under disease conditions such as ALS (17) . This phenomenon, together with increased NGF levels, has indeed been involved in the motor neuron death characteristic of such conditions (17, 19, 20) .
All of the above studies clearly indicate that p75NTR can trigger either neuronal death, when stimulated by NGF, or neurite outgrowth inhibition, when bound to NgR. The crosstalk between these two pathways has not been explored so far. In the present study, we asked whether NgR could regulate motor neuron survival by modulating p75NTR-induced cell death under conditions in which both receptor partners should appear coexpressed. The results presented herein provide compelling evidence that two peptides derived from the Nogo-66 sequence can prevent p75NTR-dependent cell death of embryonic cultured motor neurons. These peptides also conferred neuroprotection after neonate sciatic nerve axotomy.
Results
The NgR Pathway Is Expressed and Functional in Motor Neurons. As a first step toward understanding the interactions between NgR and p75NTR pathways, we determined whether both receptors were coexpressed in our experimental paradigm. In embryonic day 16 (E16) mouse embryos, choline acetyl transferase (ChAT) immunoreactive motor neurons in the ventral horns of the spinal cord were also positive for NgR (Fig. 1A) , and this staining persisted in neonate and adult spinal cord motor neurons [supporting information (SI) Fig. 6 ]. We also checked which components of the NgR receptor complex were present in cultures of purified embryonic motor neurons and NSC34 cells, a motor neuron-like cell line. NgR, LINGO-1, and p75NTR mRNAs were all expressed in these cultures; in turn, TAJ/TROY mRNA, present in whole spinal cord extracts, appeared undetectable in vitro (Fig. 1B) . Moreover, all cultured motor neurons presented with both p75NTR and NgR immunoreactivity ( Fig.  1C ; two independent experiments were analyzed), thus indicating that NgR activation could involve p75NTR in this paradigm.
To ascertain whether NgR/LINGO-1/p75NTR signaling is functionally active in cultured embryonic motor neurons, we measured neurite outgrowth in response to Pep4, a peptide corresponding to residues 31-55 of Nogo-66 (21), and NEP1-40, another fragment of Nogo-66 that antagonizes Nogo-66-induced growth cone collapse (11) . Total neurite length was reduced by Ϸ40% in the presence of 100 nM Pep4, and this effect was abolished by excess NEP1-40 (Fig. 1D) . Pep4 was inefficient to reduce neurite length when motor neurons were phosphatidylinositol-specific phospholipase C (PI-PLC)-pretreated to cleave GPI-anchored proteins from the cell surface (22) (Fig. 1D) . Together, these findings indicate that the NgR pathway leading to neurite outgrowth inhibition is functional in cultured embryonic motor neurons.
Nogo-66 Peptides Prevent p75NTR-Dependent Motor Neuron Death in
Vitro. We next turned to assess whether Nogo-66 peptides could affect motor neuron survival when added at the same doses as those found to regulate neurite outgrowth. Neither 100 nM Pep4 nor 100 nM NEP1-40 acted on motor neuron survival under normal culture conditions, i.e., in the presence of GDNF ( Fig.  2A) . These results are reminiscent of those found by Domeniconi et al. (23) , who showed no proapoptotic effect of myelinassociated glycoprotein, a NgR ligand, or myelin extracts when treating cerebellar granule neurons under normal conditions. Pep4 and NEP1-40 did not alter the neuronal death observed upon GDNF deprivation (Fig. 2 A) , which suggests that the NgR pathway does not seem to interfere by itself with other mechanisms controlling survival, thus allowing testing of whether it can interact with p75NTR-induced cell death.
We have shown that 100 ng/ml NGF, in combination with low steady-state concentrations of NO (Ͻ50 nM), triggers the death of Ϸ45% of cultured embryonic motor neurons (17) . In the present study, this effect was completely prevented by Pep4 or NEP1-40 administration (Fig. 2B) . Identical results were obtained when NGF-treated motor neurons were cocultured with astrocytes as natural source of NO (17) (Fig. 2C) . We had also shown in previous experiments that spinal cord extracts from SOD1(G93A) mice, a transgenic model for ALS, contain significant amounts of NGF-like activity and trigger p75NTR-dependent motor neuron death in the presence of low steadystate concentrations of NO (17) . Here, extracts of ALS mouse spinal cord, but not from control littermates, decreased motor neuron survival by Ϸ40% under the described conditions, and this effect was prevented by adding Pep4 or NEP1-40 (Fig. 2D) . Thus, Nogo-66 peptides have the ability to counteract the action of p75NTR in these several in vitro experimental paradigms and, surprisingly, both of them exhibit the same protection against p75NTR-mediated cell death, which clearly contrasts with their opposite effects on neurite outgrowth (Fig. 1D ).
Neuroprotective Effects of Nogo-66 Peptides Are Mediated by NgR.
To ascertain whether the protective effects on cultured embryonic motor neurons were mediated directly by NgR, we first removed GPI-anchored proteins by PI-PLC treatment and looked at the effects of 100 nM Pep4 on p75NTR-dependent cell death. PI-PLC treatment did not modify motor neuron survival on its own but hampered Pep4 to restore neuronal survival in response to NGF (Fig. 3A) . According to studies by Fournier et al. (12) , the soluble form of NgR may bind to Nogo and prevent Pep4; n ϭ 3 independent experiments). its binding to full-length Nogo receptors on the neuronal cell surface. Alternatively, it may also interact with surface-bound NgR and prevent receptor oligomerization or NgR interaction with the signal-transducing receptor subunit. We then challenged motor neuron cultures with NGF and NO in the presence of Nogo-66 peptides, soluble NgR, or both. Soluble NgR at 27 nM alone was unable to counteract NGF-mediated motor neuron death but completely prevented the protective actions of Pep4 and NEP1-40 (Fig. 3B) . Altogether, the present data strongly suggest that Pep4 and NEP1-40 act on NgR signaling to avoid cell death. To further support this pharmacological evidence, we wished to knock down NgR expression in cultured embryonic motor neurons using an antisense oligonucleotide-based technique, as described (24) . As a control of sequence specificity, we determined that transfection of NSC34 cells with two different NgR antisense oligonucleotides efficiently reduced NgR protein levels, compared with the corresponding nonspecific scrambled oligonucleotides (Fig. 3C ). In the absence of Nogo-66 peptides, transfection of embryonic motor neuron cultures with either specific or scrambled NgR oligonucleotides did not modify the rate of cell death induced by NGFϩNO (Fig. 3D) , thus showing that NgR in its inactive form does not interfere with the death-promoting effect of p75NTR. When NgR expression was not compromised (i.e., in the presence of scrambled oligonucleotides), Pep4 and NEP1-40 reversed the toxic effect exerted by NGFϩNO. In contrast, Nogo-66 peptides were completely ineffective in the presence of each one of the NgR antisense oligonucleotides (Fig. 3D ). These findings, combined with the negative actions of PI-PLC and soluble NgR on the protective role of Pep4 and NEP1-40, clearly demonstrate that NgR is directly involved in the neuroprotection conferred by these peptides against p75NTR-mediated cell death.
Nogo-66 Peptides Antagonize p75-Dependent Motor Neuron Death in
Vivo. Neonatal motor neuron death after sciatic nerve axotomy has been typically described as depending on p75NTR activation (20, 25) and thus constitutes a very valuable model to study whether our Nogo-66 peptides are able to promote motor neuron survival in vivo. A time course of the neuronal loss observed in the transected side, compared with the contralateral one, showed 40% of motor neuron death within 5 days after axotomy (SI Fig. 7) , which is consistent with other studies (26) . Identical results were obtained when counting either ChAT-immunoreactive or large-sized toluidine blue-stained motor neurons. At this time point, a sharp up-regulation of several denervation-dependent genes, including nicotinic acetylcholine receptor ␣-subunit, myogenin and muscle-specific kinase, was found in the denervated hindlimb skeletal muscles of axotomized mice, thus ensuring the effectiveness of the nerve transection (Fig. 4I) .
To determine whether s.c. injections of Nogo-66 peptides could be used in vivo, we biotinylated Pep4 and NEP1-40 and administered them to neonate animals (postnatal day 2) at 11.6 mg/kg body mass, a dose found to be efficient in other studies (27) . Biotinylated peptides were then revealed using avidin-FITC (SI Fig. 8A ). Upon biotinylated Pep4 or NEP1-40 injection, cells from the ventral horns of the spinal cord stained intensely, indicating that the Nogo-66 peptides could cross the blood-brain barrier easily. To determine whether these Nogo-66 peptides displayed neuroprotective potential in vivo after sciatic nerve axotomy, we administered daily Pep4 or NEP1-40 at the dose found to cross the blood-brain barrier. This dose did not modify the absolute number of motor neurons in the contralateral side of axotomized mice (SI Fig. 8B ), thus attesting to its innocuity. In contrast, both Nogo-66 peptides abolished postaxotomy ipsilateral motor neuron loss compared with vehicletreated animals (Fig. 4 A-F) . This effect was confirmed twice by measuring ChAT-immunoreactive (Fig. 4G ) and large-sized toluidine blue-stained motor neurons (Fig. 4H) .
As a control of specificity, we used peptides corresponding to Pep4 and NEP1-40 in the Nogo-66-like domain of RTN3, which is another member of the reticulon family with very similar structural organization as Nogo but does not display any neurite outgrowth inhibitory properties (21) . RTN3-derived Pep4 and NEP1-40 could not prevent NGF/p75NTR-dependent motor neuron death in vitro, nor rescue motor neurons from neonatal axotomy (Fig. 5) . These findings further support the specific action of Nogo-derived Pep4 and NEP1-40 on the deathpromoting effect of p75NTR.
To gain further insight into the protective action of Pep4 and NEP1-40, we performed double immunolabeling using ChAT (to identify motor neurons) and ATF3 antibodies (SI Fig. 9 ). It has been recently shown that the up-regulation of the transcription factor ATF3 precedes motor neuron death after axotomy and in ALS (mutant SOD1) mice as a marker of the degenerative process (28) . Under control conditions, ATF3 induction was detected 48 h after lesion, and all ATF3-positive motor neurons disappeared 3 days afterwards. In contrast, the number of ATF3-positive motor neurons stayed high in Pep4-and NEP1-40 treated mice. Because ATF3 up-regulation has been associated with increasing the intrinsic growth state of injured neurons (29) , our findings suggest that the protection offered by the two Nogo-66 peptides maintains the number of alive motor neurons and hence allows the activation of regenerative efforts in the lesioned motor neurons. 
Discussion
The evidence we put forward in this study shows a function of NgR in maintaining motor neuron survival in vitro and in vivo. Pep4 and NEP1-40, two peptides derived from the Nogo-66 sequence known to modulate NgR-mediated neurite outgrowth inhibition, are able to overcome the death-promoting effect of NGF on p75NTR-expressing motor neurons. They also significantly prevent motor neuron loss in neonate mouse spinal cord after sciatic nerve axotomy, an experimental paradigm characterized by p75NTR-dependent death of the injured motor neurons.
Pep4 activates the inhibitory function of NgR (7, 11, 21, 27) , whereas NEP1-40 competes for binding of Nogo-66 to its receptor and hence promotes axonal regeneration (11, 27) . In addition to these actions, we show here that Pep4 and, surprisingly, also NEP1-40 protected cultured embryonic motor neurons against NGF/p75NTR-induced cell death. The result of the treatment with NEP1-40 was clearly opposed to that found with soluble NgR, another well documented NgR antagonist (12) that triggered a massive increase in neurite outgrowth (data not shown) but had no effect on p75NTR-dependent motor neuron death. Thus, NEP1-40 does not always function as an antagonist for NgR, as previous studies had determined by its ability to prevent inhibition of neurite extension (11) . Three sets of data attest to the specificity of the protective action exerted by NgR and Nogo-66 peptides. First, they could not rescue motor neurons from NGF/p75NTR-induced cell death when GPIanchored NgR had been previously removed by PI-PLC treatment. Second, knocking down NgR expression using two different specific antisense oligonucleotides abolished the protection offered by Pep4 and NEP1-40. Finally, RTN3-derived Pep4 and NEP1-40 were also unable to prevent motor neuron death. In vivo, s.c.-administered Pep4 and NEP1-40 offered protection to neonate spinal cord motor neurons after sciatic nerve axotomy, whereas the two homolog peptides corresponding to Pep4 and NEP1-40 in the RTN3 sequence had no effect. Altogether, our findings strongly suggest that both Nogo-66 peptides exhibit a receptor-specific biological activity on their own under conditions where the death-promoting action of p75NTR would have killed the stressed motor neurons.
Many studies support the key role played by myelin NgR in restricting axonal growth after injury to the adult CNS (1). The results we present here may appear perplexing, because the same receptor that is limiting neurite extension can also promote neuronal survival. However, the nonpermissive role of NgR in axonal growth does not always function as such but can be modulated by intra-and extracellular signals (30, 31) . In addition, it has been suggested that NgR could have a physiological role in the intact CNS unrelated to injury and regeneration (32) . The embryonic expression of NgR observed in the present study, which is consistent with other reports (33, 34) , suggested the neuroprotective effect of Pep4 and NEP1-40 could have been unperceived when focusing on the role of NgR in the adult. Our findings would thus favor the hypothesis that the major function of the p75NTR/NgR complex should involve, at least in embryonic and early postnatal life, the regulation of cell death.
The protection offered by NgR against p75NTR-induced cell death might also play an important role in motor neuron diseases. In ALS, the most common human adult motor neuron disease, reactive astrocytes produce NGF and surround degenerating motor neurons that express p75NTR. Most importantly, spinal cord lysates from symptomatic SOD1(G93A) mice, a transgenic model for ALS, stimulate motor neuron death, and this effect is prevented by NGF or p75NTR blocking antibodies (17) . In this study, we show that Pep4 and NEP1-40 protect cultured motor neurons against the toxic effects of SOD1(G93A) spinal cord lysates, which prompt us to suggest that NgR could sustain, at least for a given period, the survival of motor neurons afflicted by ALS. In this regard, our recent work has shown that the genetic ablation of Nogo-A, one of the natural ligands of NgR, delays motor neuron loss in SOD1(G86R) mice, another model for ALS (35) . These findings could seem paradoxical when compared with those presented in this report, because the absence of Nogo-A ligand in the knockout mice could prevent, at least in part, recruitment of p75NTR by Nogo-A-bound NgR and hence alleviate its death-promoting effect. One possible explanation of these results is that ablation of Nogo-A highly induces Nogo-B expression in the Nogo-A knockout mice (36, 37) , therefore presumably leading to increased levels of Nogo-66 sequences necessary for the neuroprotective action of NgR.
Our present findings add an aspect to the spectrum of different biological effects mediated by p75NTR. We have demonstrated that in cells lacking TrkA receptors, such as motor neurons, the stimulation of NgR functions as a negative regulator of p75NTR-induced cell death. This study not only provides insight into a previously undescribed function for NgR in the CNS but also could have important implications for the design of therapeutic strategies to fight against motor neuron diseases using the numerous pharmacological agents targeting that receptor.
Methods
In Vitro Cell Counting. Treatments of motor neuron and motor neuron/ astrocyte cultures are described in SI Text. Total neurite length per motor neuron was determined by measuring the length of extensions longer than two cell bodies in 20 -30 motor neurons per experimental condition using NIH Image version 1.62 software (National Institutes of Health). Motor neuron survival was assessed by directly counting all cells displaying intact neurites longer than 4 cells in diameter as described (17) . Quantification was performed by an experiment-blinded observer.
Antisense Oligonucleotide Transfection. Transfection with NgR antisense oligonucleotides was performed as described (24) . Briefly, 5 M HPLC-purified phosphorothioate antisense or scrambled oligonucleotide (Integrated DNA Technologies) was added to the cell suspension of purified embryonic motor neurons with repeated pipetting before seeding. Oligonucleotides were present during the time of culture. Using this technique, oligonucleotide uptake efficiency in embryonic motor neurons was Ͼ96% (24). Transfection of NSC34 cells was performed as described (38) . Oligonucleotide sequences were as follows: NgR antisense 1, 5Ј-CTCCGGAGGACGCCCTCTTCAT-3Ј, NgR scrambled 1, 5Ј-ACCGATTTAGCGTCCGCCCTCG-3Ј, NgR antisense 2, 5Ј-CAGCCA-CAGGATGGTGAGATT -3Ј, and NgR scrambled 2, 5Ј-GACTAATCACTGAGT-GAGGCG -3Ј.
Neonatal Sciatic Nerve Axotomy. Animal manipulation followed current European Union regulations and was performed under the supervision of authorized investigators. Pups of the FVB/N strain younger than 5 days were hypothermically anesthesized, and the right sciatic nerve was exposed at the midthigh level and dissected sharply with microscissors. Muscles and skin incision were sutured, and animals were allowed to recover. Sham-operated mice served as control. Treatments consisted of daily s.c. injections with either vehicle (10% DMSO in PBS) or 11.6 mg/kg body mass Pep4 or NEP1-40, as reported (27) . Five days after axotomy, spinal cords were processed for histological analysis, and hindlimb muscles were stored at Ϫ80°C until use. To perform motor neuron counts, lumbar spinal cord segments L3-L5 were cut into 10-m cryostat sections, mounted in series of 10 consecutive slides, and stained with 1% toluidine blue in 5% sodium borate. Countings were performed at ϫ200 in the ventral horns of at least seven nonadjacent sections per animal. Special care was taken to compare anatomically matched sections between different animals. The cross-sectional areas of the stained cells were measured with NIH Image software, and only those cells with an area Ն1,000 m 2 were considered motor neurons (39) . To verify this criterion, motor neurons on adjacent sections were immunostained for ChAT (SI Text). Counts of ChAT-positive motor neurons were performed by an independent experiment-blinded observer. Motor neuron numbers corresponding to the sciatic nerve transected side were expressed as a percentage of the contralateral side. Biotinylated Pep4 and NEP1-40 were obtained by using the EZ-link sulfo-NHS biotinylation kit (Pierce) following the manufacturer's intructions.
Immunohistochemistry, Western Blot Analysis, and RT-PCR. Immunochemical and RT-PCR techniques are described in SI Text. Statistical Analysis. Data are expressed as means Ϯ SEM. One-way ANOVA followed by the Newman-Keuls test was used to evaluate the significance of the effects on motor neuron survival and neurite length. The Kruskal-Wallis test, followed by Dunn's multiple comparison test, was used to assess for differences in the in vivo experiments. In all cases, P Ͻ0.05 was considered significant.
